Studies were performed on monolayers of cultured A6 cells, grown on permeable filters, to determine the second messenger system involved in the aldosterone-induced increase in electrogenic sodium transport. Addition of aldosterone (1 p&M Invest. 1992. 89:150-156.)
Introduction
Aldosterone stimulates electrogenic sodium transport in some target epithelia, such as urinary toad bladder (1) , mammalian cortical collecting tubule (2) , and distal large intestine (3) . This expression of hormone action is initiated only after a latent period of 60-90 min, and is dependent on mRNA (4) and protein synthesis (5) . Experiments in intact tissue and cultured amphibian cells suggest that the aldosterone-induced increase in electrogenic sodium transport can be viewed as involving an early phase lasting [6] [7] [8] [9] [10] [11] [12] h, and a delayed or chronic phase, that persists as long as agonist is present. The early phase is characterized by a gradual increase in apical membrane conductance for sodium, due to activation of amiloride-sensitive sodium This work has previously been reported in preliminary form.
Address correspondence to John P. Hayslett Receivedfor publication 06 February 1991 and in revisedform 22 July 1991. channels located in the apical membrane or insertion of preformed channels into the cell membrane (6, 7) . During the chronic phase, hormone action stimulates the production of a and ,B subunits ofNa-K-ATPase (8) . Physiological studies have demonstrated both a higher density of activated sodium channels, with unchanged current amplitude per channel, in apical membrane (9) , and a higher turnover ofsodium at the basolateral membrane in epithelium exposed chronically to aldosterone (1O).
Although considerable progress has been made in identifying mechanisms for signal transduction ofprimary messengers that bind to cell surface receptors and cause rapid changes in cell expression, there are few insights into second messenger systems that subserve agonists, like aldosterone, that bind to cystolic or nuclear receptors and have more delayed and often tonic effects. Exposure of target epithelium to aldosterone is not associated with an increase in cAMP levels (1 1). It seemed possible, therefore, that the transcription-dependent second messenger system recruited during the early phase of aldosterone-induced sodium transport involves alterations in intracellular calcium (Ca2+)-and turnover ofphosphatidylinositol. The present study was designed to test this hypothesis in cultured A6 cells, derived from kidney ofXenopus laevis.
Methods
Experiment were performed on A6D2 cells, a clone of A6 cells, kindly provided by Gregory Grillo, Walter Reed Research Institute, Washington, DC. This clone exhibits a more robust response to aldosterone than the parent cell line and retains hormone responsiveness through at least passage 100. Cells were grown to confluency, during passages 80-100, on millicell-HA cups (Millipore Corp., Bedford, MA), that had an active surface area of 0.6 cm2. Cells were maintained in media which contained DMEM (Gibco, Grand Island, NY), glutamine (2 mM), penicillin (100 U * ml-') and streptomycin (100 pg * ml-') and NaHCO3 (8 mM Preliminary experiments indicated that basal and hormone stimulated Isc was unaffected by ETOH and DMSO in a dilution of 1:100 or more. In these experiments, aldosterone, added to media on the basal side ofthe membrane, was used in the maximal stimulatory concentra-The chemical probes used to evaluate the mechanism ofaction ofaldosterone were dissolved in DMSO in a dilution of at least 1:100.
Estimates ofthe activity of Ca42+ were made with Fura-2/AM (5 MM) using a model LS-5B spectrofluorometer (Perkin-Elmer Corp., Pomona, CA) as previously reported by this laboratory (13) . In these experiments Caj2 was estimated by measuring the ratio offluorescence of emitted light at 510 nm after excitation at 340 and 380 nm (14) . Intracellular calcium was also determined in some experiments using the fluorescent probe Indo-l/AM (5 gM). Estimates of Ca?-' were made from the ratio of emitted light at 410 and 485 nm, when cells were excited by light at 340 nm. Cells were grown to confluency on plastic cover slips, and the same solvents for aldosterone and experimental probes were used as in whole membrane experiments.
These experiments were initiated before it was possible to estimate (4, 5) indicated that the aldosterone-induced increase in Isc was dependent on a transcriptional process and new protein synthesis, further studies were performed to determine whether the delayed aldosterone-induced rise in Ca4+ was dependent on the same factors. Fig. 1 were performed to identify the calcium dependent process involved. As shown in Fig. 4 a, the calmodulin inhibitor W-7 caused a concentration-dependent inhibition of the aldosterone-induced rise in Isc. At a concentration near the reported Ki of 30,uM (20, 21) for calmodulin-dependent enzymes, inhibition was nearly complete. This effect did not appear to be due to a nonspecific toxic effect, in as much as W-5, another compound in the W series with a Ki of 200 ,uM for these enzymes, failed to inhibit aldosterone action (data not shown). Fig. 4 Fig. 5 b, the concentration of 250 nM of A23187 caused a rise in Ca?' to a high physiological level of 205± 16 nM, similarto the level observed with aldosterone stimulation, whereas concentrations of 500 nM or more were associated with values of Ca?' that exceed 400 nM. The concentration 1,000 nM ofionomycin, used in many previously reported experiments (23), caused Ca4-+ to rise to a level of 741±36 nM.
Levels of Ca?+ exceeding 2,000 nM have been reported after addition of 3 AM ofionomycin (25) . Fig. 5 a demonstrates that addition of 200 nM of A23187 to bathing solution had no apparent effect on either basal or aldosterone-induced Isc. In contrast, concentrations of 500 nM and 1,000 nM of A23189, associated with increases in Ca?' to 430±29 and 800±45 nM, respectively, inhibited Isc. The concentration of 500 nM of A23183 completely inhibited the effect of aldosterone, but not basal Isc, whereas 1,000 nM of the ionophore reduced basal transport of sodium. Because changes in transepithelial resistance may reflect cellular differentiation and viability, it should be noted that at high concentrations of A23187 resistance of monolayers, not exposed to aldosterone, decreased by 47% (500 nM) and 54% (1, bathing the basal surface ofmonolayers 30 min before the addition of aldosterone. After 6 h exposure to aldosterone, Isc increased from the basal level of 0.9±-0.2 to 2.5±0.5 pA -cm-2 (n = 4). Exposure to aldosterone plus 100-and 200-fold higher concentrations ofspironolactone resulted in 94 and 75% inhibition of hormone-stimulated Isc, compared to the effect induced by aldosterone alone. These results suggest that the action of aldosterone to stimulate electrogenic sodium transport was due to activation of the mineralocorticoid receptor.
Discussion
Insights into mechanisms that modulate sodium channels in the apical membrane of epithelial cells are confounded by a marked variation in the types of cation channels which have been studied. Although amiloride-sensitivity was demonstrable in most cases, there was heterogeneity in conductance and ion sensitivity and, in some preparations it was not determined that the channels selected for analysis participated in transepithelial movement of sodium. This heterogeneity may, at least in part, explain conflicting results in experiments designed to determine regulatory factors that activate amiloride-sensitive sodium channels. Exposure of frog skin to phorbol esters, for example, activated amiloride-sensitive sodium transfer across the epithelium (27) . Under similar conditions, however, basal sodium absorption was inhibited in rabbit cortical collecting tubule (28) and cultured A6 cells (29) . Phorbol esters also inhibited sodium uptake into LLC-PK cells via amiloride-sensitive sodium channels, although it was not shown that this pathway is involved in transepithelial movement ofsodium (30) . Recent evidence has also been provided that suggests that a G protein may regulate sodium channel activity in some cell types, because introduction ofGTPyS into membrane vesicles prepared from toad bladder epithelium stimulated amiloride-sensitive sodium transport severalfold (31) , and direct application of GTP-yS and the ai3 subunit of Gi to the solution bathing the cytosolic surface of excised patches of apical membrane derived from rat renal inner medullary collecting tubule cells increased the open probability of nonselective cation channels (32) . In addition, recent evidence suggests that the apical sodium channel in A6 cells grown on impermeable surfaces is activated by the ai3 subunit ofGi (33) , and that the action of Gi is mediated through the regulation ofphospholipase and lipoxygenase activities (34). It is not known, however, whether this signal transduction pathway is sensitive to known stimuli of sodium channel activity, such as aldosterone or arginine vasopressin.
The present experiments were performed to determine the second messenger system for the cellular action of aldosterone to increase amiloride-sensitive sodium transport in the early phase of hormone action in high-resistance monolayers of amphibian cells with highly selective sodium channels (35) . Previous studies have shown no evidence of active potassium secretion (36) . Although recent studies have provided important insights into the second messengers for cell expression induced by agonists that bind to cell surface receptors, there is little understanding ofthe internal transmission of signals generated by agonists, such as aldosterone, which interact with cytosolic or nuclear receptors that initiate transcriptional processes. However, because two major signal pathways have been identified for agonists which bind to surface receptors, one involving cyclic adenosine monophosphate (cAMP) and another involving calcium and products of phosphatidylinositol hydrolysis, we sought to determine whether aldosterone, via a transcription directed process, utilized one of these major second messenger pathways. The possibility that calcium/phosphatidylinositol is involved in the action of aldosterone seemed more likely because previous studies have indicated that aldosterone did not increase cAMP in toad bladder cells (11) . Previous studies have shown, however, that the second messenger system involved in the cellular action ofaldosterone interacts with the system utilized by arginine vasopressin, an agonist that binds to surface receptors, because prior exposure to aldosterone amplifies the action ofvasopressin-induced increase in Isc and cellular levels of cAMP (1 1, 36) . Previous workers have suggested that these effects occur because of inhibition of the phosphodiesterase that degrades cAMP (1 1).
The present experiments strongly suggest that aldosterone stimulates electrogenic sodium transport by increasing Ca2+ transiently, possibly as a consequence of increasing the turnover ofinositol phospholipid to produce IP3. Observations that support this notion include (a) the temporal coincidence of increases in Isc, Ca2+, and IP3, (b) the dependency of both the delayed rise in Ca2+ and the aldosterone-induced increase in Isc on both transcriptional and translational processes, and (c) (38) . Recently, it has also been shown that transiently elevated levels of Ca4+ may occur in an oscillating manner in some cell types, but increases lasting more than a few minutes have not been observed (38) . In these studies, using fluorescent dyes to measure Ca2+, the high transient levels of Ca2+ ranged from 200 to -500 nM. Despite this information on the behavior of intracellular calcium there are numerous reports (see reference 23 for review) that suggest that chronic increases in Ca4+ down-regulate apical sodium channels and reduce transepithelial movement of sodium in epithelial cells, in contrast to the rise in electrogenic sodium transport found in this study. Because the design of those studies involved chronic sustained elevations of Ca4+ after addition ofcalcium ionophores in concentrations of 1 ,uM or more to the outside bathing solution, it was of interest to determine the effect of ionophores in various doses on Ca2+ and the effect ofchronic elevations ofCa2+ on basal and stimulated electrogenic sodium transport in cultured A6 cells.
The present studies show that Ca2+ was increased to supraphysiological levels by A23187 and ionomycin in concentrations of 500 nM or more, and that under these conditions both basal and hormone-induced increases in electrogenic sodium transport were reduced. The possibility that this alteration in sodium transport is not related to a physiological control mechanism for down-regulation of apical sodium channels is suggested by both the large increases in Ca2+ and fall in the resistance of monolayers of transporting cells.
Previous reports have shown that the calcium-dependent action of some agonists, that which bind to cell membrane receptors, can be simulated when Cai2 is increased by the addition of calcium ionophores to external bathing solution. Similar observations, however, have not been made in studies designed to evaluate the signal transduction system for agonists that involve the production oftranscription-dependent effector proteins. The absence ofa rise in Isc when Ca?' was chronically increased to high physiological levels with A23187 cannot therefore be evaluated on the basis of previous comparable experiments. It is possible that an integrated transduction system for the cellular action of aldosterone requires a factor(s) in addition to increased Ca2+ to activate apical sodium channels. Because the initial increase in apical membrane sodium conduction is gradual in the first hour or two after exposure to aldosterone and results in small changes in Isc, it is also possible that an ionophore-induced increase in Ca4+ did initiate transient changes in apical conductance that were not detectable. In glomerulosa cells, for example, the A23187 induced increase in Ca2+ produces only a transient rise in aldosterone release, while the calcium-dependent action ofangiotensin II is sustained for as long as the agonist is present (39) .
A novel finding in this study, in addition to providing information on the second messenger system for the cellular action of aldosterone, is the delayed increase in Ca2+. Although an increase in Ca4+ secondary to the interaction of agonist and receptor is established for many types of agonists, the initial onset of the rise of Ca2+ typically occurs very rapidly, as do changes in cellular function. In contrast, many hormones derived from thyroid, adrenal, or germinal tissues, which are characterized by slower responses and gradual deactivation, bind to intracellular receptors (40) and require gene transcription to induce changes in cellular function. The present study is the first demonstration, to our knowledge, that links calcium as a second messenger to a cellular expression of this class of hormones. These studies support the view that aldosterone and other hormones that act through intracellular receptors produce many oftheir physiological actions through the transcriptional regulation of intracellular second messenger pathways.
